Magnetic and transport properties of La0.7Ca0.3Mn1−xM ′ x O3 (M ′ =Al,Ti) are studied. The dilution of the Mn lattice results in a weakening of the ferromagnetism, a deterioration of the metallic conductivity, and a strong enhancement of the magnetoresistance. Although Tc linearly decreases with x in the low substitution ranges for both M ′ series, the scaling behavior Tc(np) previously observed for La0.7Sr0.3Mn1−xM ′ x O3 [Phys. Rev. B 73, 184403 (2006)] is no longer obtained. Extrapolations of the Tc(np) linear curves to Tc=0 give np values much smaller than 1. These results suggest that, according to a molecular-field approximation, antiferromagnetic superexchange between Mn ions is significant in La0.7Ca0.3MnO3, in contrast to what observed in La0.7Sr0.3MnO3. Additionally, structural data of the Al-substituted samples suggest that variations of the eg-electron bandwidth W cannot explain the decrease of Tc in magnetically diluted manganites.
I. INTRODUCTION
Mixed-valance manganites (R, A)MnO 3 (R: rareearth, A: alkaline-earth elements) have been intensively studied for more than a decade since the discovery of the Colossal MagnetoResistance (CMR) phenomenon.
1,2,3
This class of materials is attractive to scientists due to not only their potential for practical applications, but also their rich and intriguing fundamental physics. 2+ ions at the Rsite. Along with the mixed interaction character, lattice distortions (such as Jahn-Teller and GdFeO 3 -type) and phase segregation phenomena also play important roles governing the physical properties of the materials. Depending on the compositions and external conditions, the properties of manganites can be ranged from disordered to ordered, from antiferromagnetic to ferromagnetic, from insulating to metallic.
5,6
On the search for compositions with novel properties, results for both R-and Mn-site substitutions have been quite well documented in the literature. For the Rsite substitution, magnetic and transport properties have been found to be quite systematically influenced by the GdFeO 3 -type lattice distortion and lattice disorder associated with the size and size mismatch of the R-site cations. 7, 8, 9 However, doping at the Mn-site would create a much more complicated scenario. Since double exchange has been found to exist so far only between Mn ions, any substitution at the Mn-site would lead to a weakening of the DE ferromagnetism and therefore a deterioration of the metal-like conduction. If the substituting ion carries a net spin moment, magnetic interactions between Mn ions and the substituent are inevitable. The exchange interactions among Mn ions would also vary with doping as a result of the structural modification due to ionic size mismatch. In addition, the ionic ratio Mn 3+ /Mn 4+ would be changed adapting to the valence and concentration of the substituting ions. These effects therefore effectively hinder systematic studies of the Mnsite substitution in manganites.
In a recent study, 10 it has been found that a selective substitution of Mn by non-magnetic elements could reveal important information on the interactions among Mn ions in a manganite. The authors proposed that the dilution of the Mn lattice leads to a decrease of the molecular field acting on Mn ions and therefore suppresses the ferromagnetism. In the low substitution ranges, La 0.7 Sr 0.
Since T c has the tendency to reduce to zero at n p =1, based on the molecular-field theory (MFT) approximation, the authors suggested that the DE mechanism is totally dominant in La 0.7 Sr 0.3 MnO 3 , playing a role behind the fact that the system has the highest T c among perovskite manganites known to date. In the present paper, we report our study on the magnetic and transport properties of La 0.7 Ca 0.
Results from previous studies on similar systems were reported and can be referenced in a number of publications. 11, 12, 13, 14, 15, 16, 17 Our study is focused mainly on the dilution effects in La 0. o C for 48 h in ambient atmosphere followed by a very slow cooling process from the sintering to room temperature with an annealing step at 700 o C for 5 hours. Room-temperature x-ray diffraction patterns (measured by a SIEMENS-D5000 with Cu-K α radiation) showed that all of the samples are single phase with perovskite orthorhombic (space group pnma) structures; structural data were calculated using Rietveld refinements. Redox titration experiments (using K 2 Cr 2 O 7 titrant and C 24 H 20 BaN 2 O 6 S 2 colorimetric indicator) show almost no oxygen deficiencies or excesses (δ≤0.006) in all the samples. Magnetic and four-probe resistance/magnetoresistance measurements were carried out in a Quantum Design PPMS6000 system.
III. RESULTS AND DISCUSSION
In several previous publications, there were concerns that Al 3+ could substitute for Mn 4+ , resulting in an oxygen understoichiometry in some Al-doped manganites. 17, 18, 19 
samples by the fact that there is almost no deficient or excessive oxygen as determined from the redox titration experiments. Moreover, the plots in Fig. 1 show that the unit cell volume derived from x-ray diffraction data monotonically decreases with Al substitution while it increases with increasing Ti concentration. 
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Measurements of temperature dependent magnetization, M (T ), are carried out for all the samples in both zero-field-cooling (ZFC) and field-cooling (FC) protocols. Fig. 2a presents the M (T ) curves of the LCMA x series. A sharp ferromagnetic-paramagnetic (FM-PM) phase transition is observed for all the samples in the low doping region. The parent compound, La 0.7 Ca 0.3 MnO 3 , shows a FM-PM transition temperature T c of ∼247 K. With increasing x, the ferromagnetism is severely suppressed, indicated by a drastic decrease of T c . The shape of the M ZFC (T ) and M FC (T ) curves of the x 0.15 samples suggests that, although a FM-PM transition is still observed for x=0.15, they are no longer pure ferromagnets, but spin-glass-like systems of short-range ferromagnetic correlations. The T c vs x data extracted from the M (T ) curves for the ferromagnetic samples are plotted in the inset of Fig. 5 and will be discussed later in detail.
As can be seen in Fig. 2b , the conductivity is also strongly suppressed by the Al substitution. Although a metal-insulator (MI) transition is observed for all the ferromagnetic (x 0.1) compounds near the transition temperature T c , the resistivity increases in both FM and PM states. The resistivity drop at T c and the metallic conducting behavior in the FM state can be well explained by the double-exchange (DE) mechanism where a parallel alignment of the magnetic moments favors the transfer of e g electrons between Mn
3+ and Mn 4+ ions. Since Al
3+
does not participate in double exchange, it blocks all the conducting paths at the sites it occupies. The metallic conducting behavior is thus not expected in the highly substituted samples where the long-range FM order collapses into short-range FM correlations; the system consists of conducting FM regions separated by insulating non-FM boundaries. Such behavior can be seen in the x=0.15 and 0.2 samples as the resistance with decreasing temperature monotonically increases up to the limit of our measurement system (∼2×10 6 Ω) showing no observable MI transition. The resistance of these samples is still unmeasurably high down to temperatures as low as of 2 K and even in an applied field of 60 kG. The magnetoresistance ratios MR, defined as MR(%)=(R H -R 0 )×100/R H , measured in an applied field H=60 kG for all the LCMA x compounds are presented in Fig. 2c . As expected, all the low doped samples show a peak of MR near the FM-PM phase transition that is typical of the CMR effect. Although a maximum of MR cannot be measured for the highly doped samples, x=0.15 and 0.2, a clear development of the CMR effect with increasing Al concentration is observed. At the phase transition, the MR value increases from ∼400% for x=0 to ∼4200% for x=0.1. The x=0.15 sample shows a monotonous increase of MR with lowering temperature that reaches up to ∼4700% at ∼73 K. A similar improvement of the CMR effect was previously observed in La 0.67 Sr 0.33 Mn 1−x Al x O 3 by Turilli et al.. 11 The authors proposed a phenomenological model to quantitatively explain the relationship between the magnetic and transport characteristics. Later, Blasco et al. 17 reported a huge development of magnetoresistance (MR=10 7 % in H=12 T) of La 2/3 Ca 1/3 Mn 1−x Al x O 3±δ . Since their Al-doped samples are not homogeneous, the authors attribute the increase of MR to the effect of disorder in the insulating regions. In our work, all the ferro- magnetic samples (x 0.1) exhibit a MI transition and a maximum of MR at temperatures very close to the FM-PM phase transitions. Thus, the increase of MR should not be attributed to magnetic field effect on the insulating regions, but directly to the FM ordering according to the DE mechanism. The partial substitution of Al for Mn not only locally blocks conducting paths where Al occupies, but also globally weaken the FM order of the Mn lattice; both lead to an increase of R 0 . The later case is directly associated with the decrease of T c and the enhancement of MR at T c in the low doped samples. For highly doped ones (x 0.15), the increase of MR with lowering temperature is due to an expansion of ferromagnetic regions under high magnetic field. If the Al concentration is high enough to prevent the ferromagnetic regions from percolating throughout the sample, the magnetoresistance would increase monotonically with lowering temperature. However, too high Al concentration would also suppress the growth of FM regions and therefore reduce the magnetoresistance effect. Figure 3 presents the magnetization and transport/magnetotransport characterizations of the LCMT x compounds. Qualitatively, the Ti substitution causes similar effects on the magnetic and transport properties as those caused by the Al substitution. The substitution suppresses T c , increases resistivity in both PM and FM states, and strongly enhances the magnetoresistance effect. A sharp FM-PM phase transition with a welldefined T c is observed for all the samples at low substitution concentrations. Although a PM-FM phase transition is still observed for x=0.075, the insulating behavior ( Fig. 3b) suggests that this compound is no longer a pure ferromagnet, but a system consisting of conducting FM regions separated by insulating non-FM boundaries. The highest substituted sample, x=0.1, shows the behavior of a spin-glass-like insulating system. While all the FM samples, x 0.05, that exhibit a MI transition concomitant with a maximum of MR at T c , those with insulating behavior exhibit a monotonous increase of MR with lowering temperature (see the inset of Fig. 3b ). The MR value for x=0.075 reaches ∼9000% at 50 K in an external field of 60 kG. There have been several explanations for the reduction of T c in ferromagnetic manganites where Mn is substituted by a trivalent or quadrivalent non-magnetic element such as Al and Ti. One explanation is simply that this is due to the suppression of long-range FM order of the localized t 2g spins by local breakdown of the exchange couplings where the substitution occurs. 16,25 By calculating the e g -electron bandwidth W using an empirical formula, W ∝ cos[ Nam et al. 10 have suggested that the variation of T c in diluted ferromagnetic manganites can be explained in terms of a molecular-field system with mixed interactions; T c can be written as
where k B is the Boltzmann's constant, S the average spin per magnetic ion, and z α the number of ions involved in the interaction α with exchange coupling constant J α . If the system is slightly diluted by a non-magnetic element with concentration n p , a linear dependence of T c is expected following the relation z α =z α0 (1-n p ), where z α0 is the z α value of the undiluted system. In mixedvalence manganites, while the Mn and slightly diluted compounds, both J SE2 and J SE1 are basically negligible, leading to a linear T c (n p ) dependence that crosses T c =0 at n p =1 scaled for both M ′ =Al and Ti. The absence of antiferromagnetic superexchange interactions is probably a reason behind the fact that La 0.7 Sr 0.3 MnO 3 has the highest T c ever found for man-ganites. If the antiferromagnetic superexchange interactions in the undiluted system are significant, T c will be reduced and the T c (n p ) linear dependence should intersect T c =0 at a n p value smaller than 1. This seems to be qualitatively consistent with the results obtained for the present LCMA x and LCMT x systems presented in Fig. 5 where T c (n p ) curves are linear at low substitution concentrations and extrapolate to T c =0 at n p =0. 27 
